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Introduction 


The  transfer  of  heat  and  mass  from  spherical  particles 
to  a stream  of  liquid  appears  in  many  industrial  problems. 

We  can  here  number  the  processes  of  the  dispersive  drying 
up  of  solid  bodies,  the  moistening  of  the  air,  the  chemical 
processes  occuring  in  catalytic  layers,  the  problems  of 
spherical  exchanges  of  heat  as  well  as  of  dissolution,  subli- 
mation and  barbotage. 

In  a majority  of  the  ap plica  tions  mentioned  here,  we  have  to 
deal  with  turbulent  flow.  In  these  conditions  one  of  the  most 
useful  methods  of  intensifying  the  transfer  of  heat  and  mass 
is  the  artificial  increase  of  turbulence  of  a liquid  flow. 

This  is  realized  through  the  introduction  to  the  flowing 
liquid  of  a different  kind  of  turbulence  generators  which  in- 
duce a change  in  the  parameters  determining  the  core  turbu- 
lence. This  is  confirmed  in  many  of  the  works  devoted  to 
this  problem  [1-53. 

The  development  of  measuring  techniques,  especially  thermo- 
anemometry  [6,73  allowed  for  an  accurate  determination  of  the 
parameters  of  core  turbulence.  The  obtaining  of  correlation 
equations  of  heat  and  mass  transfer  was  made  possible  in  these 
cases  by  un  artificially  increased  turbulence.  Analysis  of  the 
experiments  permit  confirmation  of  the  divergence  between 
the  various  authors'  results.  An  additional  inference  resul- 
ting from  analysis  of  the  literature  is  the  confirmation  of 
the  need  for  the  resolution  of  this  problem  on  the  theoreti- 
cal level. 

In  light  of  these  considerations  it  appears  that  the  appro- 
priate conduct  of  further  experimental  work,  having  the  goal 
of  explanation  of  the  mentioned  differences,  and  at  the  same 
time  the  acquisition  of  generalized  methods  calculated  for 
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this  process  should  take  place. 

The  object  of  the  present  work  was  the  experimental  determina- 
tion of  the  influence  of  the  basic  parameters  describing  the 
isotropic  fields  of  liquid  flow  trubulence,  that  is  to 

say,  the  degrees  and  scale  of  turbulence  in  heat  transfer 
from  a single  metallic  sphere  located  in  an  air  stream. 

The  Current  State  of  the  Problem 
The  transfer  of  heat  and  mass  during  flow  around  a body 
is  strictly  connected  to  the  hydrodynamic  conditions  of  a 
flowing  liquid.  These  conditions  are  usually  defined  by 
Reynolds  numbers.  For  a stratified  flow  the  determination 
of  the  Reynolds  number  by  use  of  the  velocity  of  the  liquid 
flow  allows  the  synonymous  determination  of  the  hydrodynamic 
conditions  of  flow.  It  is  not  sufficient  in  the  area  of 
turbulent  motion,  where  we  have  to  deal  with  a continual 
change  of  values  and  the  direction  of  the  vector  of  velocity. 
The  speed  of  the  liquid's  flow  refers  to  that  averaged  over 
time . 

For  these  conditions  a Reynolds  number  is  not  a sufficient 
criterion  of  hydrodynmaic  similarity,  and  it  is  necessary  for 
the  completion  of  this  description  tha  t we  have  the  aid  of 
interdependent  parameters  of  turbulence:  the  degree  and  scale 
of  turbulence.  This  fact  is  confirmed  in  the  works  of 
Hinze  [QJ , Moscicki  L9D,  as  well  as  by  Boulous  and  others  [ 10 J , 

Consideration  of  these  parameters  allows  the  obtaining  of 
various  hydrodynamic  conditions,  and  at  the  same  time  of 
various  intensities  of  exchange  processes  by  the  same 
Reynolds  number. 

The  problem  presented  until  this  time  was  not  subject  to  full 
theoretical  solution.  This  results  mainly  from  the  lack  of 
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an  accurate  theory  of  turbulence,  and  particularly  the  diffi- 
culty of  defining  the  phenomenon  of  turbulent  exchange  momentum, 
of  heat  and  mass  in  the  boundary  layer.  This  is  connected  to 
the  indefinite  knowledge  of  the  parameters  of  turbulent 
transfer:  turbulent  viscosity,  turbulent  conductivity  and 
turbulent  diffusion,  which  are  necessary  for  the  solution  of 
the  generalized  differential  equations  describing  this  process. 
The  parameters  are  not  functions  of  the  state  and  depend  upon 
the  situation.  One  of  the  most  direct  methods  of  determining 
these  parameters  is  based  on  knowledge  of  the  velocity  dis- 
tribution as  well  as  the  Prandtl  concept,  until  this  time 
the  mixing  length.  Other  methods  described  are  in  the  works 
of  KcEligot  tli-J  and  Bankston  Cl 21  • 

The  solutions  mentioned  were  obtained  for  a fluid  flow  in  a 
pipe  or  for  the  flow  around  two-dimensional  plates,  where 
the  velocity  distribution  is  accurately  described.  This 
problem  is  remarkably  complicated  in  the  case  of  flow  : .round 
rotary  bodies, i.e.,  a sphere  or  a cylinder,  where  we  have  to 
deal  with  the  i ixed  character  of  the  movement  and  with  the 
phenomenon  of  the  separation  of  the  boundary  layer.  For  these 
conditions  there  was  not  obtained  thus  far  a complete  theoreti- 
cal solution  of  differenctial  equations  and  recently  the  pub- 
lished work  of  Galloway  C13J  concerns  only  the  fron-half  of 
a sphere.  This  author  as  a result  of  the  numeri- 

cal solution  of  differential  equations  describing  the  motion 
of  heat  in  the  flow  around  a sphere,  using  the  mentioned 
conception  of  centrifugal  viscosity  based  on  the  Prandtl- 
defined  mixing  length,  obtained  the  following  relationship 
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(for  flow  around  a sphere  k = l). 


A comparison  of  the  derived  solution  with  the  experimental 
results  indicate  its  utility  only  for  low  ranges  of  turbu- 
lence degrees.  This  connected  to  the  imperfection  of  the 
turbulence  model  based  on  the  Prandtl  concept  as  well  as  with 
the  simplified  description  of  the  velocity  profile  of  Rucken- 
stein  and  Berbente  L14J  used  in  this  work.  There  appears  to 
be  an  appropriate  reception  in  this  area  of  the  modified 
conception  of  Deissler,  Van  Driest  or  others  £11,  12 3 


Great  difficulties  in  the  analytic  description  of  heat  trans- 
fer in  conditions  of  turbulent  flow  caused  the  need  for  the 
undertaking  of  a series  of  experimental  works.  From  the 
analysis  of  these  works  £15,16J  it  results  that  bodies  flowed 
around  (spheres,  cylinders) the  intensifies  tion  of  heat 
transfer  by  an  increase  of  turbulence  of  the  inflowing  system 
is  connected  with  the  appearance  on  the  boundary  layer  of  the 
following  phenomena: 

1.  A later  passing  from  a laminar  to  a turbulent  boun- 
dary layer  (by  lower  angles  of  substitution). 

2.  Interactions  of  the  vortices  of  the  main  stream  on 
the  flow  in  the  laminar  and  turbulent  boundary  layer. 

3.  Displacements  of  the  point  of  separation  and  develop- 
ment of  changes  in  the  track  behind  the  body  discussed. 

Quantitative  analysis  regarding  the  evaluation  of 
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the  influence  of  separate  effects  on  the  intensification 

of  the  exchange  processes  is  not  possible  at  the  moment. 
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The  principal  criteria!,  equation  used  by  various  authors, 
defining  the  movement  of  heat  in  flows  around  a body  and  ac- 
counting for  the  parameters  of  trubulence  is  the  relationship 

Nu  = f(  Re,  Pr,s,-J-  ),  (5) 

where  e — degree  of  turbulence,  L/d  — simplex  formulating  the 
relation  of  the  scale  of  turbulence  to  a linear  dimension. 

A significant  number  of  the  authors  0-7  ,18,193  restrict  their 
investigations  solely  to  the  effect  of  the  degree  of  turbulence 
adding  the  assumption  that  the  effect  of  the  scale  of  turbulence 
is  insignificant.  Such  data  are  represented  appropriately 
in  figure  1,  where  there  are  represented  the  results  of 
Venezjan's  work  £203 . There  is  observed  an  increase  in  the  in- 
tensifica  tion  of  heat  transfer  Nu  at  approximately  50$  in 
the  result  of  the  increase  e from  2 to  15$  as  well  as  the 
relationship  of  this  increase  upon  the  Reynolds  number  range. 

Another  group  of  authors  £9,  21,  223  account  in  their  work 
as  well  for  the  scale  of  turbulence,  however  their  views  on 
the  effect  of  this  parameter  are  contradictory.  One  can 
observe  as  well  great  differences  vis-a-vis  the  definition  of 
the  size  of  the  effect  of  the  degree  of  core  turbulence  on 
the  intensity  of  heat  transfer.  This  is  shown  in  figure  2 
where  the  results  of  various  experimental  works  are  shown* 

The  nonuniform  opinions  pertain  as  well  to  the  influence  ex- 
erted by  core  turbulence  on  the  front-half  as  well  as  the 
back-half  of  a sphere,  and  also  the  effect  of  the  degree  of 
turbulence  in  the  area  of  lower  and  higher  values  of  this 
parameter  £21,22,25j.  A certain  test  of  the  interpretation 
of  these  divergences  is  given  in  work  £93* 
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The  current  state  of  the  problem  as  stated  indicates  that  there 
is  a lack  of  accurate,  certain  analytic  methods,  permitting  a 
definition  of  the  effect  of  core  turbulence  on  the  intensity  of 
heat  transfer  from  axial- symmetrical  bodies  (sphere,  cylinder). 
Numerous  experimental  undertakings  conclude  with  contradictory 
opinions  via-a-vis  the  quantitative  grasp  of  the  process  con- 
sidered. They  indicated  as  well  the  great  possibilities  of 
an  intensification  of  these  processes  by  the  application  of 
artificial  promoters  of  turbulence. 

Experimental  Portion 

Experimental  tests  took  place  in  a vertical  wind  tunnel 
of  the  closed  t pe  at  an  altitude  of  7 m,  and  with  an  internal 
diameter  of  228  mm.  The  neasuring  section  was  positioned  at 
the  upper  part  of  the  tunnel,  in  which  there  was  installed  a 
test  sphere.  The  intensity  of  the  air  flow  was  measured  by 
the  use  of  a Prandtl  pipe  connected  with  an  inclined  manometer. 

Metallic  spheres  were  used  for  the  test  with  diameters  of 
59.6mm  and  41.4mm.  They  were  fabricated  from  copper  sheeting, 
and  then,  after  the  installation  of  thermal  elements  on  its 
surface  as  well  as  on  the  heating  coil,  the  interior  of  the 
spheres  were  executed  in  fluid  zinc.  Liquid  was  supplied  to 
the  coil  from  a pump  at  a regula  ted  rate.  The  amount  of  the 
flowing  liquid  was  recorded  and  the  temperature  at  the  intake 
and  outlet  of  the  coil  which  permitted  the  achievement  of  a 
balance  of  heat,  and  then  a determination  of  the  coefficient 
of  heat  penetration.  Tests  accounted  for  the  following 
range  of  parameter  changes: 

— Reynolds  number  = 3 • 10^  - 30  • 10^, 

— degree  of  turbulence  e = 3 - 24% 

— scale  of  turbulence  expressed  in  the  form  of 
simplex  L/d  = 0.07  - 0.75 


The  special  construction  of  the  research  apparatus  as  well 
as  construction  of  the  spheres  are  represented  in  work  C26J. 

As  the  promoters  of  turbulence  there  are  used  perforated  plates 
as  well  as  woven  nets  from  ferrous  bronze  wire.  Such  a solu- 
tion has  assured  the  finding  of  a wide  range  of  variations  of 
turbulence  parameters.  Some  structural  parameters  of  sev- 
eral turbulence  promoters  are  compared  in  Table  1. 

Measurement  of  the  turbulence  parameters  of  the  airstream 
flow  was  obtained  with  the  aid  of  the  constant  temperature 
thermometric  DISA  D 01.  Employed  for  the  measurements  were 
sensors  of  the  heating  wire  type  55  E 20.  The  gradation  of 
these  sensors  were  provided  in  the  aerodynamic  tunnel 
DISA  55  D 41/42.  The  shift  of  the  sensors  to  the  radius  of 
the  tunnel  was  accomplished  with  the  aid  of  the  shifting 
system  DISA  55  E 40  with  an  accuracy  of  0.1mm.  The  measures 
of  the  trubulence  parameters  as  well  as  the  determined  dimen- 
sions of  t e heat  transfer  were  provided  in  separate  time 
intervals  with  the  aim  of  avoiding  the  deformation  of  the 
boundary  layer  developed  by  the  presence  of  the  sensor.  In 
the  result  of  the  tests  there  was  used  a velocity  distribu- 
tion in  a section  of  the  tunnel  (figure  3)>  which  was  used  for 
the  determination  of  the  average  speed.  A comparison  in  this 
way  of  the  results  obtained  with  the  indica  tors  of  the 
Prandtl  pipe  demonstrate  a deviation  not  exceeding  4%.  More- 
over, analysis  of  the  obtained  velocity  profiles  without  a 
net  and  in  its  presence  (figure  3)  point  to  a deformation 
of  the  velocity  profiles  obtained  by  a net.  Hence,  the  corol- 
lary resutls  that  with  the  aim  of  enabling  the  comparability 
of  results,  the  Reynolds  number  should  be  defined  by  the  use 
of  volumetric  velocity,  which  was  used  in  the  present  work. 

The  degree  of  airstream  trubulence  defined  by  the  described 
method  in  works  C8»27j,  and  the  dimension  of  the  integral 
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scale  of  turbulence  was  calculated  by  the  graphic  method 
(figure  4)  in  the  manner  presented  in  works  [8>93.  As  a 
result  of  the  analysis  of  the  obtained  measurement  results, 
the  values  e and  L depend  on  the  geometry  of  the  turbulence 
promoters  used.  Another  corollary  emerging  from  these  tests 
is  confirmation  that  with  an  increase  of  a sphere's  distance 
from  a promoter  of  turbulence  the  degree  of  turbulence  dimin 
ishes  as  well  as  does  not  undergo  changes  due  to  changes  in 
the  airstream  flow.  A similar  confirmation  can  be  found 
in  works  , 293  • 


Interpretation  of  the  Results 
The  initial  point  of  interpretation  of  the  experimental 
results  was  the  determination  of  the  relationship  of  the 
Nusselt  number  to  the  Reynolds  number.  Such  data  is  represented 
in  figure  5.  Analysis  of  the  graph  indicates  that  the  mea- 
surement points  were  arranged  on  several  straight  lines  at 
close  values  of  the  directivity  coefficier  t .but  at  other 
constants.  Each  of  the  represented  relationships  correspond 
to  a different  value  of  the  airstream  turbulence  parameters. 

With  an  increase  in  flow  turbulence  defined  equally  as  the 
degree  of  turbulence  e , and  as  in  the  scale  of  turbulence 
1 /d,  the  heat  transfer  rises  until  the  maximum  effect  of 

o 

intensification  reaches  ap  roximately  60%.  From  this  graph 
one  can  observe  as  well  that  this  effect  is  greater  for  the 
higher  range  of  Reynolds  numbers. 
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in  the  presence  of  turbulence  parameters, 

without  turbulence  parameters 

Similar  results  to  this  effect  are  here  mentioned  in  the 
turbulence  parameters  used  by  Lavender  and  Pei  0-9 3.  Venezjan 
et  al  C20 ] as  well  as  G-alloway  and  Sage  £24j . Higher  values 
of  heat  transfer  intensification  (over  70%)  were  confirmed 
by  Endoh  et  al  [22j,  and  lower • (approx.  40%)  by  Isatajew  and 
Zanawajew  p-7] . 

Because  many  of  the  authors  interpret  the  results  of  their 
tests  with  the  aid  of  the  introduction  for  general  criteria!, 
equation  of  the  Reynolds  turbulence  number  ReT,  their  own 
results  were  converted  similarly  and  in  this  way  were  used 
in  the  graph  represented  in  figure  6.  One  should  remark 
here  upon  a certain  spread  of  experimental  points  which  results 
from  the  disregard  in  this  type  of  interpretation  of  the  effect 
of  the  scale  of  turbulence.  Additionally,  in  this  figure  there 
are  included  the  data  used  by  other  authors.  In  this  sense 
one  can  acknowledge  the  position  of  one's  own  data  with 
satisfaction. 
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Further  quantitative  analysis  of  the  experimental  results  ob- 
tained are  carried  out  on  the  basis  formulated  by  Moscicka  £9J 
of  the  hydrodynamic  criteria  of  similarity  of  turbulent  flow 
fields  in  a pipe.  From  the  equations  put  forth  in  this 
work,  there  results  that  the  degree  and  scale  of  turbulence 
cannot  be  treated  as  independent  hydrodynamic  criteria  defining 
the  core  turbulence.  For  one  cannot  experimentally  separate 
their  effect  on  the  intensity  of  the  processes,  of  heat  transfer 
and  mass.  Also,  an  authoress  proposed  the  introduction  to  the 
general  criterial  equation  of  heat  transfer  or  mass  a simplex 
tying  both  the  mentioned  parameters,  so  defined  as 

Ar  = “f“  e2 

Because  in  the  present  work  the  aim  of  test  was  heat  transfer 
about  a sphere  there  necessarily  appears  the  consideration  in 
simplex  definition  (6)  of  a characteristic  dimension,  such  as  is 
the  diameter  of  the  sphere  C28j  instead  of  the  radius  of  the 
research  tunnel.  This  fact  has  equally  confirmation  in  a 
number  of  the  experimental  works  currently  under  discussion. 
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Considering  the  remark  above,  we  obtain  the  following 
criterial  equation  of  heat  transfer: 

Nu  = f (Re , Pr,/d).  (7) 

Utilization  of  equation  (7)  for  interpreting  the  experimental 
results  with  the  aid  of  methods  of  statistical  analysis 
(Gauss  multiplier  method  C29j  is  accomplished  on  the  digital 
computer  ODRA  1204)  allowed  for  use  the  following  correlation 
equation: 

Nu  = 0.142Re0,6Pr0,35(^d)"0*16-  (8) 

J 

The  corresponding  statistical  parameters  amount  to: 

Ry  = 0.954, = 0.046,  Dy  = 0.0098. 

A graphic  illustration  of  equation  (8)  is  given  in  figure  7. 
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In  the  obtained  equation  (8)  the  Nusselt  number  depends  on 
the  non-dimensional  simplex^^  to  the  power  (-0.16).  For 
flow  bodies  which  have  not  used  a parameter  of  this  type, 
immediately  for  a heat  exchange  during  flow  through  a pipe, 
Moscicka  [9]  obtained  the  equation 

Nu  = 0.005Re°*8Pr0,35^)"0,25.  (9) 

Differences  of  indexes  for  simplexes  expressing  the  turbulence 
of  a flow  can  result  here  from  the  distinct  geometry  of  systems. 

In  equation  (8)  the  index  according  to  the  Reynolds  number 
amounts  to  0.6.  This  value  appears  to  be  completely  ex- 
plained in  light  of  the  work  of  Rowe  and  Claxton  f which 
discusses  for  a similar  range  the  number  Re  given  in  work  C26j. 

Corollaries 

1.  On  the  basis  of  a critical  survey  of  the  literature 
up  to  this  time  on  the  effect  of  turbulence  parameters  on 

heat  transfer  on  the  flow  around  a sphere,  there  was  confirmed: 

—the  possibility  of  the  intensification  of  the  process 
by  the  use  of  turbulence  promoters; 

—the  lack  of  analytic  and  experimental  methods,  allowing 
for  the  synonymous  evaluation  of  the  effect  of  artificially 
induced  turbulence; 

—the  lack  of  a synonymous  opinion  of  the  hitherto 
choice  of  corresponding  parameters  determining  the  effect 
mentioned. 

2.  There  is  confirmed  the  suitability  of  the  simplex  £ 
proposed  by  Moscicka  DO,  considering  as  well  the  scale “and  the 

degree  of  turbulence  for  the  interpretation  of  the  data  ob- 
tained in  the  result  of  the  tests  of  the  process  of  heat 
transfer  for  rotary  bodies. 


3.  Interpretation  of  one's  own  experimental  material 
(120  measurement  points)  by  the  use  of  simplex  B allowed 
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